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Abstract
More research is needed into the behavior of supercritical CO2 injected for storage in underground rocks at high pressure and 
temperature as a way of reducing emission of greenhouse gases into the atmosphere. Although many past studies have been 
based on numerical analyses, most of them considered typical two-phase flow properties in the literature, rather than 
experimental data, or were based on the properties of fluids other than supercritical CO2 and water. We conducted laboratory 
experiments on two-phase water-CO2 flow in outcrop and boring core rock samples from formations with potential for use as 
reservoirs for storage of CO2 to determine the capillary pressure and the relative permeabilities of the two fluids in the two-phase 
flow system. We developed a water-CO2 separator that allows real-time measurement of water drainage from the two-phase flow 
system and a procedure for stepwise increases of CO2 injection pressure for quick and efficient drainage of water from the system. 
We used numerical analysis to simulate injection of CO2 into a water-saturated rock and accurately reproduced the data measured 
in our laboratory experiments. These results allowed us to determine the relative permeabilities of CO2 and water in the potential 
reservoir rocks. Our methodology may be useful for evaluating potential reservoirs for subsurface CO2 storage in areas with 
limited information  about rock properties.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
It is widely recognized that the high density and low viscosity of supercritical CO2 (carbon dioxide at temperature 
> 31 °C and pressure > 7.4 MPa) make it suitable for injection and storage in underground geologic formations [1]. 
To evaluate the capacity of a geologic formation to store supercritical CO2, numerical analysis is needed to 
determine the required pressure and duration of injection at the depth of the injection layer, and to predict the effect 
of injection on bedrock and subsurface water. 
The injection of supercritical CO2 causes two-phase flow of water and supercritical CO2 (i.e., the simultaneous 
flow of two immiscible fluids [2]) in the underground storage layer. Capillary pressures and relative permeabilities 
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of the rocks are required parameters for numerical simulation of two-phase flow in the reservoir rock, caprock, and 
overlying layers. 
Many previous studies to evaluate relative permeabilities in two-phase water-CO2 flow systems [3]-[5] have been 
water-flood or gas-drive experiments in the field of reservoir engineering [6]. In these experiments, flow rate was 
kept constant; consequently, constant differential pressure was evaluated. Although in rare cases the injection 
pressure was raised [5], few studies have tested the stepwise increase of injection pressure. The aim of a stepwise 
increase of injection pressure is to achieve quick and efficient drainage of water from the pore space.
We developed two methods: an experimental method that shortens the time required to measure two-phase flow 
properties, and an analytical method that simplifies determination of the relative permeabilities of the water-
supercritical CO2 flow system. We used rock samples from potential reservoir rocks for CO2 geologic storage to 
validate our methods.
2. Samples
Paleogene to Quaternary sandstones with absolute permeabilities of ten to several hundred millidarcies and 
porosities of 0.1 to 0.4 are appropriate for geologic storage of CO2 in Japan [7]. We obtained outcrop and boring 
core samples of such sandstones for our study. Sample S1 was an outcrop sample, and S2 was from a boring core [8]. 
We prepared two types of specimen. For the water-CO2 two-phase flow experiment, we used cylindrical specimens 
of 50 mm diameter and 50 mm length. For capillary pressure measurement, we used rough specimens of 
approximately 10 mm diameter.
3. Methodology
3.1 Capillary pressure
To evaluate capillary pressure (Pc ) of the specimens, we determined pore size distributions of the samples by 
using a mercury injection porosimeter. We also measured two-phase water-CO2 flow to evaluate the absolute 
permeability (K) of the rock samples and the relative permeabilities of the water (krw) and CO2 phases (krCO2). 
Porosity was estimated from water-saturated and oven-dry weights of the specimens.
The porosimeter used in this study (Poresizer 9320, Shimadzu Corp.; maximum injection pressure 207 MPa)
calculates the pore size distribution from the pressure (PHg) and volume (VHg) of mercury injected into the specimen 
[9]. These parameters can be used to evaluate Pc and water saturation (Sw) in the water-CO2 system from the 
following equation [10].
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where  ,  , VHg,max are the interfacial tension, contact angle, and maximum intrusion volume of mercury, 
respectively
3.2 Effective Permeability
In the water-CO2 two-phase flow experiment (Figure 1) , supercritical CO2 was injected into a water-saturated 
specimen. During injection of CO2, the effective permeabilities of water and CO2 were measured simultaneously for 
various water saturations. The maximum pressure of the amplifiers is 10 MPa, which is the maximum pressure the 
vessel can withstand. To ensure that the injected CO2 was in its supercritical state, the initial pressure in the pressure 
vessel and water-CO2 separator was around 9 MPa; both were in a temperature-controlled bath maintained at 
between 35 and 40 °C (standard deviation of 1 °C).
The experimental procedure was as follows.
a) End caps held in place by O-rings were placed on the ends of the specimen. Identical circular porous 
stones (5 cm diameter and 5 mm thick) embedded in the end caps ensured CO2 flow conditions into and 
out of the specimen. The specimen and end caps were covered with a rubber sleeve (propylene 
hexafluoride and vinylidene fluoride copolymer) and placed  in the pressure vessel. 
b) Water was pumped into the pressure vessel to increase the confining pressure in the vessel stepwise to 9 
MPa with a differential pressure of approximately 1 MPa. The confining pressure of 9 MPa ensured that 
the (later) injected CO2 was in its supercritical phase.
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c) Distilled water was injected from the back pressure amplifier into the top of the specimen at constant 
pressure. The volume of water that drained from the bottom of the specimen in response to the 
differential pressure was measured. By using the drainage flow rate of water Qw and the differential 
pressure , the water permeability Kw was calculated as follows:
                                                                        = /()                                                                     (3)
where , L, and A are the viscosity of water, the height of the specimen, and the cross-sectional area of 
the specimen, respectively. Kw was assumed to be equal to the absolute permeability K.
d) The CO2 injection pump A was filled with CO2, and a small amount of CO2 was fed into the CO2
drainage pump B . The CO2 tank was filled with liquid CO2 at a pressure of 6 MPa.
e) The pressures of pumps A and B were kept constant, but the pressure was higher in pump A than in 
pump B. The pressure difference was dependent on the absolute permeability of the specimen.
f) To start the experiment, the valves between pumps A and B and the specimen were opened, and CO2
flowed into the specimen in response to the pressure difference. In the beginning of the experiment, 
water drained the combined volume of the end caps and pipes through which the CO2 flowed during the 
experiment (the “dead volume”) by the pressure difference. The dead volume of the experimental 
apparatus used in this study was 2.93×10-5 m3.
g) Water and CO2 drained from the bottom of the specimen in response to CO2 injection. The density of 
supercritical CO2 at around 8 MPa pressure and 35-40 °C is 200-600 kg/m
3
. Therefore, the water was 
denser than the supercritical CO2, and the water passed downward into the water-CO2 separator. 
Changes of the water level in the container were monitored. The inner diameter of the container and 
scale of the water level were 19 mm and 1 mm, respectively, so the accuracy of the volume of drained 
water was 2.8×10-7 m3 (0.28 cm3).
h) The pressure of injection pump A was increased stepwise (pressure increments approx. 0.03MPa) at a 
constant time. At each incremental pressure increase of pump A, some of the water in the specimen 
drained from the bottom of the specimen in response to the increase in differential pressure at the ends 
of the specimen.
Figure 1. Schematic diagram of apparatus used for a water-CO2 two-phase flow experiment
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4. Data Analysis
The parameters defined in the two-phase water-CO2 flow experiment were specimen diameter D and height L,
pressures at both the injection point PCO2,in and the drainage point PCO2,out, confining pressure Pconf, temperatures 
at the injection point Tin and the drainage point Tout, ambient laboratory temperature Tlab, CO2 injection rate 
QCO2,in and drainage rate QCO2,out, and water drainage rate Qw,out.
The cross-sectional area A was calculated from D. QCO2,in and QCO2,out were measured in the syringe pumps. 
However, because the temperature in the temperature-controlled bath was 35-40 °C, the flow rates were 
converted to QCO2,in,cal and QCO2,out,cal by using the density of CO2. Mean values of measurements at the top and 
bottom of the specimen were used for CO2 flow rate, viscosity, and pressure. The density of CO2 was calculated 
by using the equation of state of Span and Wagner [11]. To compute the viscosity of CO2, we used the correlation 
equation of Fenghour et al. [12]. The relative permeabilities of water (krw) and CO2 (krCO2) were calculated from 
the following equations [13]:
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The volume of drained water was measured in real time during the experiment, and the porosity # was used to 
calculate Sw of the specimen as follows:
                                                                = $%,&'  *-/(#)                                                          (7)
where Vd is the dead volume. 
In Eqs. (4) and (5), we assumed that the experiment achieved steady state, although this was difficult to 
confirm during the experiment. Furthermore, when CO2 was injected into the distilled-water-saturated specimen, 
some CO2 would have initially dissolved in the water. According to Duan and Sun [14], the solubility of CO2 in 
distilled water at 35 °C and 8.1 MPa pressure is approximately 1.25 kg/mol, which indicates that the maximum 
amount of dissolved CO2 in the pores of the specimen and within the dead volume was around 7×10
-6
m
3
(7 cm
3
). 
Thus, the amount of dissolved CO2 should be estimated precisely.
4.1 Numerical Simulation
To simulate the laboratory experiments, we used two-phase flow numerical analysis software TOUGH2 [15] 
incorporating an ECO2N module [16] in which unsteady state two-phase flow and dissolution phenomena can be 
represented. The analysis procedures were as follows.
a) Input parameters were absolute permeability K and relative permeabilities krw and krCO2 (which were 
acquired assuming a steady state), capillary pressure Pc from the porosimeter, and porosity. Because the 
volume of the drained water Qw,out was measured at intervals of 5-60 s, whereas the other data were 
recorded at 1-s intervals, relative permeability data were acquired as discretized data. Monotone cubic 
interpolation [17] (a type of cubic spline interpolation) preserved the monotonicity of the data being 
interpolated  and provided a smooth relative permeability curve from the discretized data.
b) An initial condition of the numerical simulation of one-dimensional vertical water-CO2 two-phase flow 
in the specimen was that the specimen was saturated with distilled water that contained no CO2 in 
solution . Pressure changes measured at both ends of the specimen at 1-s intervals were the boundary 
conditions.
c) For comparison of the measured flow rate with the rates  simulated at the top and bottom of the 
specimen, parameter fitting was achieved by multiplying the discretized relative permeability values by 
a real number. Where necessary, discretized relative permeability data were also added for the 
parameter fitting.
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5. Results
Measured absolute permeabilities of the specimens were in the range from 1.1× 10-14 to 31×10-14 m2 (10-300 
md), and porosities were in the range from 0.23 to 0.27 (Table 1). These values suggest that the formations are
suitable for geologic storage of CO2.
Table 1. Measured absolute permeabilities and porosities
Sample Diameter Length Porosity Permeability
D [cm] L [cm] # [-] K [m2]
S1 4.9 5.0 0.27 3.1×10-13
S2 4.8 5.1 0.23 1.1×10-14
The porosimetery results (Figure 2) indicate that pores of diameter 10-100  m were dominant in the specimens. 
The clay mineral contents of the specimens were low, so we assumed that chemical reactions caused by 
dissolution of CO2 in water and clay swelling did not occur.
The pore size distribution data were used to estimate the capillary pressure of the specimens by using Eqs. (1) 
and (2) (Figure 3). For interfacial tension in equation (1), we used 0.03 N/m (30 dyne/cm) on the basis of data 
from Bennion and Bachu [18], and we assumed that the contact angle was zero degrees. Capillary pressures
estimated from the pore size distribution and by using the van Genuchten model are shown in Figure 3.
Table 2. Conditions of the water–CO2 two-phase flow experiment
Sample Confining Injection Drainage Injection Drainage
Duration
pressure
*
pressure
*
pressure
*
temperature temperature
Pconf [MPa] PCO2,in [MPa] PCO2,out [MPa] Tin [deg-C] Tout [deg-C] [s]
S1 8.99 8.14 8.11 36.4±0.8 37.2±0.6 660
S2 9.02 8.12 7.97 34.9±0.5 35.2±0.2 1440
*: averaged data
The conditions under which the water-CO2 two-phase flow experiments were conducted are provided in Table 
2. Figure 4 provides an example of the experimental results for specimen S1. The increase of the water drainage 
Figure 2 Pore size distribution from porosimetry.                               
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Figure 3. Comparison of capillary pressure 
estimated from the pore size distribution (Eqs. 
1 and 2; solid lines) and by using the van 
Genuchten model [19] (symbols).
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flow rate ceased after cumulative drainage of 4×10-5 m3 of water. We assumed that this volume represents the 
dead volume plus the pore volume within the specimen through which CO2 has flowed.
Comparisons of the measured and simulated data are shown in Figures 5 and 6. The simulated flow rates for 
both specimens accurately reproduced the measured rates. The parameterized relative permeabilities of water and 
CO2 in the two specimens are shown in Figure 7.
Figure 4. An example of the results of the water-CO2 two-phase flow experiment for sample S1. (a) Pressure and flow rate 
profiles at the top and bottom of the specimen and (b) cumulative volume of drained water in the water-CO2 separator.
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Figure 5. Comparison of measured and simulated flow rates of (a) CO2 and (b) water for sample S1. Error bars for water 
flow rate in (b) were determined from periodic measurements of the water level in the water-CO2 separator.
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6. Summary
Samples from two sandstone formations from Japan were assessed for use as host rocks for geologic storage 
of CO2. The absolute permeabilities and porosities, relative permeabilities for water and CO2, and their capillary 
pressures in the water-CO2 two-phase flow system were evaluated using newly developed experimental and 
analytical techniques.
The conclusions can be summarized as follows.
a) Evaluation of the two-phase water-CO2 flow properties of the two Japanese sandstones with our newly 
developed methodology showed that it can be used where data on rock properties are sparse.
b) We developed a water-CO2 separator that can withstand pressures of up to 10 MPa, thus allowing the 
separation of supercritical CO2 from water. This separator can also measure the flow rate of water 
drainage from the system in real time.
c) Analytical procedures were developed to determine the relative permeabilities of water and CO2 in the 
water-CO2 two-phase flow system that is characteristic of CO2 injection into water-saturated rock. The 
relative permeability is first calculated by using a steady-state analytical solution, and a numerical 
simulation is then conducted to fit the calculated flow rate to the measured flow rate. Our simulation 
results accurately reproduced measured relative permeabilities.
Figure 6. Comparison of the measured and simulated flow rates of (a) CO2 and (b) water for sample S2. Error bars for 
water flow rate in (b) were determined from periodic measurements of the water level in the water-CO2 separator.
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Figure 7. Results of numerical simulation for specimens S1 and S2. Relationships of relative permeability of water 
(triangles) and CO2 (circles) to the progressive decrease of water saturation during injection.
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d) The absolute permeabilities and porosities of the samples we used were 1.1×10-14 to 31×10-14 m2 and 
0.23-0.27, respectively. These results show that the properties of the rocks from which the samples came 
are appropriate for storage of CO2.
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